Resolving the microscopic pairing mechanism and its experimental identification in unconventional superconductors is among the most vexing problems of contemporary condensed matter physics. We show that Raman spectroscopy provides an avenue for this quest by probing the structure of the pairing interaction at play in an unconventional superconductor. As we study the spectra of the prototypical Fe-based superconductor Ba1−xKxFe2As2 for 0.22 ≤ x ≤ 0.70 in all symmetry channels, Raman spectroscopy allows us to distill the leading s-wave state. In addition, the spectra collected in the B1g symmetry channel reveal the existence of two collective modes which are indicative of the presence of two competing, yet sub-dominant, pairing tendencies of d x 2 −y 2 symmetry type. A comprehensive functional Renormalization Group (fRG) and random-phase approximation (RPA) study on this compound confirms the presence of the two sub-leading channels, and consistently matches the experimental doping dependence of the related modes. The synopsis of experimental evidence and theoretical modelling supports a spin-fluctuation mediated superconducting pairing mechanism.
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I. MICROSCOPIC PAIRING
In superconductors such as the cuprates, ferropnictides, ruthenates or heavy-fermion systems, the pairing mechanism is believed to be unconventional and related to direct electronic interactions rather than conventional electron-phonon mediated couplings. Yet, the precise microscopic mechanism, the "glue" that binds electrons into Cooper pairs, remains elusive. Measurements of the superconducting ground state alone are insufficient to unambiguously determine whether a superconductor has a conventional or unconventional pairing mechanism. Raman spectroscopy provides the avenue for gathering the missing information in both dominant and sub-dominant pairing channels.
In comparison to other techniques, Raman spectroscopy (which involves inelastic scattering of light) is rather unique as it provides access to both the energy gaps of a superconductor and to bound states inside the gaps 2 that serve as signposts marking the strength of a given pairing interaction.
These bound states were predicted a long time ago by Bardasis and Schrieffer (BS) 3 and are collective excitations that correspond to the phase oscillations of the ground state order parameter triggered by the subdominant (d-wave) interactions. The BS modes or particle-particle excitons couple to the Raman probe, but there is no consensus yet about their observation in conventional superconductors 4, 5 . Fe-based superconductors (FeSCs), however, presented a more favorable scenario to search for this physics as many of them are believed to exhibit s ± pairing (with an order parameter that may change sign between Fermi surface pockets [6] [7] [8] [9] [10] ) and also a sub-leading d-wave pairing interaction that can be strongly competitive. Theoretical calculations based on spin fluctuations have even argued that d-wave could become the ground state for sufficiently strong hole-doping 11, 12 .
As a result, Scalapino and Devereaux 13 performed a 'bare-bones' calculation for a typical FeSC electronic structure with s ± symmetry of the ground state and anisotropic gaps, showing that the mode frequency should depend on 1/λ d − 1/λ s , where λ d and λ s are the respective coupling strengths of the electrons to the glue that binds the Cooper pair in the d-wave and the s-wave channel.
Recent measurements on Ba 1−x K which were consistent with a collective mode, but its direct association with a BS mode was unclear.
In this work, we confirm the presence of two subdominant pairing interactions, as predicted theoretically, by providing an ubiquitous identification of multiple BS modes in the B 1g spectrum of the prototypical ferropnictide Ba 1−x K x Fe 2 As 2 (BKFA). Each sub-dominant pairing interaction results in a BS mode 19 . This perspective underlies our identification of the two new peaks in the Raman spectrum with B 1g BS modes. The analysis of our experimental peak energies also supports this scenario and even allows us to empirically extract the relative coupling strengths λ d(1) /λ s , λ d(2) /λ s , of the two distinct B 1g (d x 2 −y 2 ) pairing channels competing with the s ± ground state. We could reproduce the presence of all three pairing channels by performing a functional Renormalization Group (fRG) as well as a Random Phase Approximation (RPA) study. Since the fRG calculation includes the leading fluctuations (magnetic, superconducting, charge density wave etc.) whereas the RPA is distinctly based on magnetically driven (i.e. spinfluctuation-induced) pairing, the agreement of both approaches with each other and the experiment strongly points to a spin-fluctuation scenario in BKFA. Since a direct observation of spin fluctuations below T c is not achievable by Raman scattering (the relevant scattering states are gapped out) we study the BS modes which remain as the fingerprints of the microscopic pairing interactions.
II. RESULTS
To this end we measured eight samples of BKFA in the wide doping range 0.22 ≤ x ≤ 0.70 as indicated in Fig. 1 (a) and described in detail in Ref. 20 . BKFA forms high quality single crystals [21] [22] [23] and fairly clean and isotropic gaps 24, 25 . In the samples with x = 0.22 and x = 0.25 superconductivity and the spin density wave (SDW) state coexist. The samples with x = 0.62 and x = 0.70 are close to a putative Lifshitz transition at x ∼ 0.8 26 . To present the case for the physics of sub-dominant pairing interactions, we wish to stay away from special effects arising from magnetism or disappearance of pockets and focus on the samples with x = 0.35, 0.40, 0.43, 0.48. In this range, the Raman spectra in the B 1g symmetry channel (1 Fe unit cell) change continuously as shown in Fig. 2 (a-d) . Spectra of the other symmetries and outside the range 0.35 ≤ x ≤ 0.48 are compiled in Ref. 20 .
The spectra above the superconducting transition temperature T c are dominated by the electron-hole continua. Below T c additional (symmetry-dependent) structures appear in the energy range up to approximately 300 cm −1 , and the spectral weight is redistributed from below twice the superconducting gap 2∆ to energies above. New features arise from pair breaking, excitations across the gap, and exciton-like bound states 2, 5, 19 . With increasing doping and a concomitant reduction of T c , the peaks move to lower energies.
To illustrate why BKFA is a model superconductor for investigating BS modes we highlight the changes in the electronic spectra below T c . For this purpose we subtract the normal state response from the superconducting spectra. This procedure elimantes temperatureindependent components of the spectra like the A 2g response and phonons in the symmetries A 1g and B 2g 20 . By plotting the difference ∆Rχ (Ω) ≡ Rχ (Ω, T = 10 K) − Rχ (Ω, T T c ) in Fig. 2 (e) withΩ = Ω/k B T c we extract superconductivity-induced features of pure B 1g symmetry. Due to the full gap, the difference spectra become negative at low energies and three pronounced peaks are observed. The differences between normal and superconducting spectra disappear (∆Rχ → 0) close tõ Ω = 8. The highest peak [purple arrows in Fig. 2 (e) ] at approximately 6.2, which we identify with the maximal gap, depends weakly on doping. The range of 2∆/k B T c 6.2 is in qualitative agreement with the results from other methods 24, 25, 27 . This enables us to check the validity of the RPA and fRG approaches in a coupled system of intermediate strength. There are two additional narrow lines in the ranges 1.5-3 (green arrows) and 4-5.5 (orange arrows) displaying a strong monotonic downshift with increasing K content.
At optimal doping (x = 0.40), evidence was furnished that the narrow line at 5. in Fig. 2 (b) ] is difficult to properly assign on the basis of just one doping level. A suggestion for this peak as a second, smaller pair-breaking peak and a single BS mode at 5.3 was given in e.g. Ref.
5. However, upon studying several doping levels and all symmetries 20 we find the following systematics in favor of two BS modes: (i) The two in-gap modes appear only in B 1g symmetry.
(ii) As opposed to the pair-breaking maxima at approximately 6 k B T c there are no other gap energies observed the two sharp modes could correspond to. (iii) Upon doping K for Ba the in-gap modes increasingly split off of the pair-breaking maximum. The nearly identical doping dependences of the two modes and the absence of pair-breaking features in other symmetries suggest that both modes are linked to the maximal gap. The unique appearance of narrow BS modes in B 1g symmetry for 0.35 ≤ x ≤ 0.48 indicates that there are sub-dominant interactions with d-wave symmetry. We label the corresponding sub-leading B 1g channels as d(1) and d(2) for the lower-and the higher-energy line, respectively.
In Fig. 3 
III. THEORETICAL METHODS
According to Ref. 19 , the presence of two BS modes in the same symmetry channel must imply the presence of two pairing interactions with different form factors competing with the ground state. Thus in addition to the ratios λ d(i) /λ s derived from experiment, we show in Fig. 3 (b) and (c) the results of two microscopic studies using fRG and RPA schemes that precisely identify these pairing channels and also provide an estimate for λ d(i) /λ s . The comparison of the two independent approaches allows us to pin down the origin of the leading pairing channel since the fRG includes all interactions 30, 31 whereas the RPA focuses on the spin sector as spelled out in detail in Ref. 20 . Another difference becomes apparent in the procedure used to determine the effective interaction potential. The fRG analysis is designed to start its unbiased renormalization group flow already at energies above the bandwidth while the effective model scale entering the RPA resummation has to be chosen at comparably lower energies 20 . As it turns out, however, in spite of these differing intinitalizations, transcending further down to energies at which supercon- 
d (2) d (1) d (2) FIG . ductivity occurs yields similar findings for both methods.
In order to determine the hierarchy of pairing interactions from the effective pairing vertex V from either fRG or RPA, we decompose this pairing channel into eigenmodes, which is tantamount to solving an eigenvalue problem of the form
where k comprises momentum, band, and spin degrees of freedom, and α is the index consecutively numbering the different eigenvalues. We assume α to be ordered according to the magnitude of eigenvalues λ α . g α (k) is the pairing eigenvector along the Fermi surfaces specifying the symmetry of the pairing. From both fRG and RPA, we find λ s , g s (k) (α = 1)
to be the dominant superconducting pairing of A 1g (s ± ) type and
) the sub-leading B 1g type couplings. Schematic eigenvectors g α (k) for α = 1, 2, 3 are shown as insets in Fig. 3 (a). These results apply to both V ≡ V Λ fRG and V ≡ V RPA when used in Eq. (1), where Λ is the low-energy cutoff in the fRG flow that serves as an upper bound for the transition temperature 20, 30, 31 . The leading eigenvalue λ s ≡ λ 1 in Eq. (1), which is a function of Λ in the case of fRG, then determines the leading Fermi surface instability. The ratios of the eigenvalues λ d(1,2) /λ s ≡ λ 2,3 /λ 1 determine the peak positions of the BS modes and are shown along with the experiments in Fig. 3 (b) and (c). Note that λ 2 ≡ λ d1 fits the extended d-wave harmonic form predicted in Ref. 11 .
IV. CONCLUSIONS
From the plethora of theories intended to describe the iron-based superconductors, the comparison with the experiment now enables us, as a first step, to verify the validity of fRG and RPA for the intermediately coupled electronic system of BKFA. We find in accordance with the experiment that both approaches predict the strongest sub-leading channels to be of d-wave symmetry. Furthermore, the theoretical predictions for the relative coupling parameters as shown in The results presented here put narrow constraints on the description of the Raman data and render differing interpretations 16, 18 rather unlikely to be applicable to BKFA. Hence, the observation of two collective modes inside the gap of a superconductor establishes a novelty in terms of experimental analysis which promises to have an impact on the general understanding of unconventional superconductivity. Along with the magnitude of the gap, the modes reveal the hierarchy of pairing states in a prototypical material, in full agreement with microscopic predictions. As a result, our experiment demonstrates the unique possibilities of using light scattering as a probe for observing unconventional pairing fingerprints. To determine the relative strength of s-and d-wave pairing channels in Ba 1−x K x Fe 2 As 2 from a model Hamiltonian, the results of which are depicted in Fig. 3 (b) and (c), we start with the five iron d-orbital approach proposed by Graser et al. 32 for parent BaFe 2 As 2 . The tight-binding model,
with k, a, s denoting momentum, orbital and spin degrees of freedom, accurately reproduces the ab initio band structure of BaFe 2 As 2 at low energies 33 . The different doping levels are modeled by a rigid band shift, which amounts to 0.1 eV or roughly 2.5% of the bandwidth for x = 0.5 potassium substitution. Assuming a pronounced two-dimensional character of the Fermi surface sheets, we restrict the pairing calculation to the 2D cut of the Fermi surface for k z = 0.
For the interaction part H int , we use a complete set of on-site intra-and interorbital repulsion as well as Hund's and pair-hopping terms,
Both fRG and RPA are independently applied to this microsopic model. The parameter set chosen in fRG is U intra = 4.0 eV, U inter = 2.0 eV and J H = J pair = 0.7 eV which are close to constrained RPA estimations 34 . In order to avoid a magnetic instability in RPA, we choose interaction parameters that are smaller than those used in the fRG calculation. We set U = 0.85 eV and U = U/2, J = J = U/4. For these parameters, we find that the pairing interaction vertex V (k, q) is determined by spin fluctuations, and orbital fluctuations do not play a significant role. In the fRG, the bare interactions are renormalized to smaller values due to the coupling between the different particle-hole and particle-particle channels. This coupling is absent in the RPA, which is consistent with the need to use smaller bare parameters for the latter.
fRG
The method of fRG proved very successful for the prediction and exploration of the interplay between magnetic and superconducting order in iron-based compounds 12, 31, 35 . Its main strength lies in its ability to treat different ordering channels on an equal footing, whilst simultaneously allowing for the study of microscopic models with multiple degrees of freedom. Similar to the familiar fRG concept of thinning out degrees down to a low-energy cutoff Λ which serves as an upper bound for the transition temperature while leaving the low-energy physics invariant 30, 31 , the fRG method provides an effective low-energy theory H Λ which immediately (or at least more clearly) reveals the favored ordering tendencies. In this flow to low energies, different fluctuations such as spin and charge density wave, Pomeranchuk, and superconducting ordering tendencies are included on equal footing 12 . Without going into the technical details of the calculations, it is important to mention that one usually implements the fRG in terms of an appropriate band basis γ † k , γ k which diagonalizes the quadratic part Eq. (A1). The effective low-energy description in this basis then reads
with a renormalized quadratic part H Λ 0 and an effective two-particle interactionṼ Λ . In the fRG flow, spontaneous symmetry breaking is signalled by diverging effective interactions at a critical energy scale Λ c . In the"standard" fRG, the 2-particle vertexṼ Λ is computed from an fRG flow (integrated) down to a "mean-field" scale Λ MF slightly above the critical scale Λ c . This first part of our calculation is similar to our earlier study of hole-doped Ba 1−x K x Fe 2 As 2 12 , where further details can be found.
However, to compare the fRG leading eigenvalues in the s ± -and d-channels with experiment and with the RPA results, based on the eigenvalue description of the dominant and subdominant Raman peaks, we have to "roll back" this particle-particle-channel to obtain the pp-irreducible pairing interaction. This is discussed in Ref. 36 with application to the single band Hubbard model. It amounts to solving a linear integral (BetheSalpeter) equation for the pp-irreducible vertex V (k, q), where
schematically shown in Fig. 4 below. HereṼ Λ (k, q) denotes the usual (1-particle irreducible) vertex obtained from the "standard" fRG, including all modes down to Λ MF , which is chosen slightly above the critical scale Λ c : the explicit solution is obtained as
e. matrix inversion, due to the usual discretization of momentum space in patches rendering the kernel of Eq. (A4) separable. This kernel, or diagonal matrix, D is radially integrated in each patch with the frequency sum in Eq. (A1) evaluated analytically.
This pp-irreducible fRG vertex is inserted in Eq. (1) to obtain the eigenvalue decomposition λ α , where Choosing the pp-irreducible vertex within the fRG approach also substantially reduces the quantitative influence of the fRG-cutoff Λ MF : by rolling back the ppchannel to V (Fig. 4) , one takes out a steeply growing logarithm. This can be most easily seen if the kernel D is assumed to be a constant d. In this case, V Λ andṼ Λ would have the eigenvalues related by λ =λ 1−dλ . The reduction of the cutoff influence, provided the particle-hole correlations, i.e. spin-fluctuations, die out at low enough scales, then holds, and hence the pp-irreducible pairing interaction has saturated at Λ MF . For K substitution larger than x ≈ 0.25, the pairing fluctuations with the effective (renormalized) two-
(A3) and (A4)] are dominant in the lowenergy regime, which justifies us to constrain ourselves to the Cooper channel and hence superconducting Fermi surface instabilities.
RPA
In the RPA approximation, the pair structure which arises form a spin-fluctuation exchange interaction is determined from the scattering vertex
. Here the momenta k and k are restricted to the Fermi surface k ∈ C i and k ∈ C j where i and j label the different pockets, and a ν (k) are the orbital components of the band eigenvectors. The particle-particle scattering vertex between orbitals 1 , 4 and 2 , 3 is given by
The interaction matrices in orbital space for spin and charge channels,Ū (q, ω) = (A8)
.
Here, f (E) is the Fermi function and E ν (k) is the energy dispersion for band ν. The symmetry function g(k) of the pairing state can then be found by solving an eigenvalue problem of the form
where v F (k) is the Fermi velocity. The eigenfunction g α (k) with the largest eigenvalue λ α gives the leading instability (ground state) of the system and subleading instabilities have smaller λ α . We have executed all steps within the RPA formalism once again to illustrate the precise form equivalence between Eq. (A9) and Eq. (1) in the main text upon the identification
Appendix B: Samples
The single crystals of hole doped Ba 1−x K x Fe 2 As 2 were grown using a self-flux technique and have been characterized elsewhere 22, 23 . The potassium concentration was determined by microprobe analysis. For all samples studied we measured the non-linear magnetic susceptibility χ m (T ) is particularly sensitive to inhomogeneities of the samples 38 . The susceptibility was measured during a continuous warm up (+)/cool down (-) at a rate of typically ±2 K per minute. According to Shatz and coworkers 39 , T c± is the extrapolation of the linear part to zero voltage at three times the excitation frequency 3f with f = 33 kHz. We define T c = 0.5(T c+ + T c− ). The tail above T c± is a reliable estimate of the transition width ∆T c . For the Raman measurements samples with narrow superconducting transitions were selected having ∆T c values in the range 0.4 to 2 K. The doping levels and typical sample temperatures are displayed in Fig. 1 (a) . The parameters are compiled in Table I . The experiments were performed with standard light scattering equipment. For excitation a solid state laser (Coherent, Genesis MX SLM) was used emitting at 575 nm. The samples were mounted on the cold finger of a He-flow cryostat in a cryogenically pumped vacuum. The laser-induced heating was determined experimentally to be close to 1 K per mW absorbed laser power. Spectra were measured in the four polarization configurations xy, x y , RR, and RL where x and y are along the Fe-Fe bonds, x = 1/ √ 2(x + y), y = 1/ √ 2(y − x), and R/L = 1/ √ 2(x ± iy). All symmetry components (A 1g , A 2g , B 1g , and B 2g for tetragonal Ba 1−x K x Fe 2 As 2 ) can be extracted using linear combinations of the experimental spectra. For the symmetry assignment we use the 1 Fe per unit cell [cf. Fig. 1 (b) for the corresponding BZ] 17, 40 . The spectra we show within this work represent the response Rχ (Ω, T ) which is obtained by dividing the cross section by the Bose-Einstein fac-
−1 in which R is an experimental constant. In some cases we isolate superconductivity-induced contributions by subtracting the response measured at T T c from the spectra taken at T T c and label the difference spectra ∆Rχ (Ω, T ).
Appendix D: Resonance effects Figure 6 shows the difference spectra ∆Rχ (Ω) = Rχ (Ω, T = 10 K) − Rχ (Ω, T T c ) of the Raman reponse for excitation lines at 458, 514, 532, and 575 nm.
For non-resonant scattering processes one would expect the response to be independent of the excitation. This worked well for optimally doped Ba(Fe 0.939 Co 0.061 ) 2 As 2 40 . Here, we observe little changes upon switching between green and yellow excitation in A 1g and B 2g symmetry [ Fig. 6 (a) and (b) ]. In B 1g symmetry [ Fig. 6 (c) ], the overall intensity reduces for 532 nm with respect to 575 nm excitation wave length, whereas a substantial enhancement of spectral weight is found for 514 and 458 nm. In the latter case both the pair-breaking peak and the BS mode shift. At first glance, this indicates a dependence on the details of the experiment. However, the BS mode does not change shape and by and large follows the intensity of the pair-breaking peaks. The change of the pair breaking effect for 458 nm indicates the appearance of an orbital-dependent resonance. In the blue the enhancement occurs on those parts of the Fermi surface which have a larger gap. As a consequence, the collective mode which is directly derived from the pair breaking intensity shifts accordingly. Qualitatively, this is further support for the collective character of the mode at 140 cm −1 although the details need to be worked out in a future systematic study. Resonance effects must be considered for blue photons, but are weak for yellow photons and hence do not interfere with the analysis of this work.
Appendix E: Symmetry-resolved spectra Figure 7 shows the raw data in the three main polarization configurations xx, x y and RR measured for this study at temperatures indicated in Fig. 1 . The x y normal-state spectra at x = 0.35 are multiplied by 0.84 to make them match the superconducting spectra. The superposed narrow lines in B 2g and A 1g symmetry are Raman-active phonons 41 . For a few samples we also measured spectra at intermediate temperatures which are partially published 5 . For deriving the symmetry-resolved spectra also the RL configuration is needed. The full symmetry analysis is available for 0.35 ≤ x ≤ 0.70 as shown in Fig. 8 . The A 2g spectra are temperature independent and typically on order 10 % of those of the other symmetries. They vanish for x = 0.7. Therefore, for avoiding subtraction procedures, reducing the time for the measurements and improving the statistics we can use the spectra measured at xx, x y and RR (Fig. 7) .
Except for the spectra at x = 0.22 and 0.25 there are pair-breaking features in all symmetries (except for A 2g ). In general, the structures are narrower and more Figure 9 shows the entire set of difference spectra in B 1g symmetry. Away from optimal doping the experi- 
normal state sc state ments become more difficult to analyze. At x = 0.62 there are still three superconductivity-induced structures at low temperature similar to those around optimal doping. The low-energy peak is very weak at x = 0.62 (open green arrow), if existent at all, and is definitely unobservable at x = 0.70. We believe that it is related to the lower BS mode but find it difficult to furnish experimental proof for this hypothesis. At x = 0.22 and 0.25 ∆χ (Ω, T ) vanishes only at 10 k B T c . Consequently, the shoulders developing in the energy range around 100-150 cm −1 (4 − 10 k B T c ; open blue arrows in Fig. 2 ) are likely to have a relationship to the spin density wave (SDW). Then, the prominent maxima at 30 and 65 cm −1 (3 k B T c ), which show little or no temperature dependence [for x = 0.25 see supplemental Fig. 7 (b1-b3) ] similar to the pair-breaking peaks studied at optimal doping x = 0.40 5 , are probably gap excitations on the outer hole band which is less affected by the SDW forming below approximately 80 K. Very speculatively one could also interpret them in terms of fluctu- ations of the superconducting order parameter ("Higgs modes") activated by the presence of the SDW 42 . The other bands are expected to participate in the SDW formation as they are better nested and are likely to be gapped out at least partially already above T c . In Fig. 10 we show the difference spectra for the doping range around x = 0.40. For all doping levels around optimal doping a pronounced narrow mode below 100 cm
exists only in B 1g symmetry. In the other symmetries there are only broad shoulders at slightly different energies or no structures at all. For this reason, the mode cannot be a signature of the small gap on the outer hole band which would appear also in the A 1g and possibly in the B 2g spectra. In addition to the usual pair-breaking features close to the gap energy 2∆ Ba 1−x K x Fe 2 As 2 has two narrow modes inside the gap which originate from the interaction between the electrons of the broken pair as described first by Bardasis and Schrieffer 3 . For demonstrating the final state interaction to be important the spectra were compared to a phenomenological prediction as described in detail in Ref. 5 . In brief, the band-dependent gap values are derived from the spectra in B 2g and A 1g symmetry determining also the bare B 1g spectra. Then, the finalstate interaction between the electrons of a broken pair is cranked up until the experimental B 1g spectra can be reproduced. The closer the coupling λ d in the subdominant d-wave channel approaches that in the dominant pairing channel λ s the larger the binding energy E b of the exciton-like state. Here, E b means the difference between the gap edge and the position of the collective mode Ω BS . The results of a full 3D phenomenological description are shown in Fig. 13 for the weaker d(2)-wave channel BS (2) and doping levels 0.35 ≤ x ≤ 0.48.
For the full 3D calculation we use a phenomenological eigenvector g(k) since the fRG and RPA results for g(k) exist only for k z = 0. The relative coupling strength λ d /λ s increases monotonically with doping, as plotted in Fig. 3 . The values used for the gaps are compiled in Table II . The phenomenology shows also that the gap on the outer hole band can indeed be observed in all symmetries in the range below 80 cm −1 but the predicted intensity of the pair-breaking maximum in B 1g symmetry is at least an order of magnitude too weak to explain the experiment (Fig. 13 ).
This discrepancy inspired us to search for an alternative explanation in terms of a second BS mode as described in Ref. 19 . Since the eigenvectors of the two d(i)-wave channels are orthogonal the BS mode for the stronger subleading channel BS(2) can be fitted independently [ Fig. 13 (e) ]. Here the model function is calculated only in 2D since we know the eigenvectors only for k z = 0. By using the bare 2D eigenvectors of the subleading channels the fits around 2∆ become worse than in the case and the full analysis. We will address this problem in an upcoming publication. The ratio λ d(i) /λ s in the fits 13 and in the single-band results of Monien and Zawadowski 4 depends on λ s . We use λ s = 0.7 as an approximation inspired by the Eliashberg analysis in Refs. 28 and 29.
We cannot derive the absolute magnitude of λ s from our experiments. However, we use the experimental positions of the two BS modes and determine λ d(1) and λ d (2) for three different values of λ s as shown for x = 0.4 in Fig. 11 . We evaluated the limiting case of λ z = 0 (black) where λ z is the coupling in the particle-hole channel. For λ s 1, E b /2∆ = λ d /λ s (grey) is a useful approximation 5,14 independent of λ z . The best agreement between λ d(i) /λ s and the ratio derived from fRG and RPA is found for 0.7 ≤ λ s ≤ 1 in agreement with the Eliashberg result 28, 29 . For obtaining the numerical 2∆) has a weaker intensity than the other one (E b (2) 2∆). In Fig. 12 we show Z BS(i) of the two BS modes for 0.35 ≤ x ≤ 0.48. The experimental values for Z BS(1) and Z BS (2) are adjusted to the theory curves using the same factor. The theoretical curves for BS(1) and BS (2) 
